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This thesis w23 tasically another in the series of

studies that have been done on Paper Pilot.. Capilain

Teddy L. Hollis usei the same procedure in his thesis

to desizn a SAS for the variable stability T-23. We used
the Joint Autoﬁatic Control Conference Desizn Challenge
aircraft as our subject, since it was a much tougher
desizgn problem for Paper FPilot.

Much time was spent in the first half of this study
trying o mcdif& Pitch Paper Pilot. Ron Andefson, of the
Air Force Fiight Dynamics Laboratory, had discovered that
ratings were not varyiaccurate for high natural freguency,
low damped flight ceonditions. TFollowing nis suggestions,
we added pilot lag 2nd remnant to the pilqtumodel in Piteck
Paper Pilot, in an attempt to correct the deficiencies.
Although accuracy was better;tit was still not good
" enough to eliminate the problem. This plagued us once
again in the Design Challeng : work, where a poor design

resulted for the high freguency, low damped case. We

‘included some ideas for finaily curing this problem in

the "Reecommendations for Future Study" section,

We wish to express deep appreciation to Najor James
Dillow, of the AFIT lLiath Departmeni, for his constant help
and advice during the course of this stuiy. We also want

to thank Mr. Ron Anderson of the AFFDL, for his valuable
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insirhts into our finlings. Finally, we want to thank our
advisor, 1t. Colonel Russel Hannen, for his support ani
advice throushout the ctady.

Additional thanks gov to Mrs, MNarilyn Baker for typing

the final draft.

October 1972 Garry L. Creenleaf
Lieutenant USAT

Robert P. Denaro
Lieutenant USAF
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GGC/ER/T73-3
SELECTION OF OPTIMAL STABILITY AUGHENTATION SYSTEM PARAMETLRS

FOR A HIGH PERFORM/ANCE AIRCRAFPT USING PITCH PAPER FILCT

I. Introduction

Background

The study of pilot-venicle systems has been the subject
of extensive research in recent ycars., Examining aircraft

handling qualities as a closed-loop systen, with the pilet

in the control locp, promises to give more accurate evalua-
tion of aircraft flying qualities than previous evaluations
of the open-loop aircraft alone. Most of the effort has r
been devoted to developing an accurate human pilot model -
not an easy task, since the human being is probably the

(“ most sophisticated and complex control system in existence,

b Pilot opinion rating has also received much attention,

i notably in studies by Cooper (3:--). A rating scale for

pilot opinion of aircraft flying gualities was develope?d

from Coouper's work, and has now been fairly well standardized

| for flight test and research. The Cooper Rating Scale, {

- ’ shown in Table 1 on the next page, is a numerical scale

st

from 1 to 10, where a rating of 1 indicates excellent flying

characteristics and a rating of 10 indicates a totally

unflyable aircraft.

Paper Pilot. In 1970, Anderson, Conncrs and Dillow

-y . B

{l1:--) developed a promising new technique of closed~lcoon

r—~

pilot-vehicle analysis for pitch tracking tasks, a computer g .
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pregran c¢xiled "Pito Pawer Pilot", This program was an
extensien 2f prior work called "Paper Pilot" (2:~~), a _ :
VT2L hover 4tracking zask study. Pitch Paper Pilot is a

| y ) , fuily autonated proesdure that predicts pilet-venicile

‘ performance and a pilot opinion for the pitch tracking
l . task, based on the assumpticn that a pilot adjusts his :
paraneters to minimize his numerical rating of the aircraft

dynamics.

In 1971, Hollis (3:--) used the Paper Pilot program
as a design tool to design an aircraft stability augmenta-
tion system (SAS) and optimize its gains to minimize the

{ pilot rating of the aircraft at given flight conditions,

The subjeu=s aircrafc was a variable stanility T-33, an
aircraft not capable of an extreme range of either ilach

nuaber or dynamic rressure.

JACC Design Challenge. At the 1970 Joint Automatic

Control Conference, Rediess and Taylor pcsed a flight
control system design challenge for a hypothetical air-
craft with extreme variations in flight conditions (7:--).
The challenge was to design a SAS for this aircraft, whose
flight envelope included tach numbers from 0.35 to 3,00

and dynamic pressures ranging from 150 psf to 1500 psf.

[ N

The aircraft also has structural flexibility represented

by its first two bending modes. This prcblem vas dealt

with by Sherrard (8:--), using optimal control, Ward
(9:--), using classical control, and Paul (6:--), using

self-adaptive control techniques.
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Problsr Cezcrintion

The proklem Zor this study was to desian a stability
augmentation system for the JACC Design Challenge Aircrafi.
The closed loop aircraft response was compared with
desired response envelopcs as given in the Design Challenge.
These envelopes srecified limits on the normal acceleration
and the derivative of normal acceleration responses. Alcso,
there was a numerical limit on the rms wind gust response

to a specified input.

AEoroach

The method used to design the SAS was basically the
Pitch Paper Pilot SAS optimizaticn technique developed
by Hollis. The entire cliosed loop syster is shown in
Figure 1., The optimization of the SAS was fixed~form,
that is, only the values of feedback gains within the
SAS were optimized with respect to pilot rating. The
SAS gains were systematically changed until a minimum air-
craft closed loop pilot rating was obtained. Those final
gains, then, were the optimal SAS gains. This was done
for each of a set of discrete flight conditions which
represented the entire Zlight envelope. The feedback
vector, X , included elevator deflecticn, JL, pitch rate, g,

and ncrmal acceleration, n,. The fixed form pilot model
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was part of the Uitch Paper Pilot routine, which produced

)
' - pilot ratings for the particular closed loop dynanics in

use., Before “nhis technique could be used, however, certain

= EEEE e—?‘——?%—':’—;—};\rodi fications to Paper Pilot were necessary. : : R e

As noted by Anderson (1:12), Pitch Paper Pilot did
not yield accurate pilot ratings for an aircraft with
high short period natural frequency and low damping. 1In ;
this study, pilot lag and remnant were added to the pilot
model in an attempt to make Paper Pilot ratinys correlate ;
with actual pilot ratings for aircraft with these short
period parameters. The level of remnant was adjusted to
better match predicted pilot ratings to actual pilot

ratings.

Overview

——— c—

Since the first part of this investigation concerned

modifications to Pitch Paper Pilot without considering the

JACC Design Challenge, these modifications were discussed
in Chapter II. The JACC Design Challenge is introduced

in Chapter III, and the digital optimization cf SAS gains
' is summarized in Chapter 1IV. Analog simulation results
are the topic of Chapter V, and in Chapter VI some con-

clusions on the entire siudy are drawn and recommecndations

offered for future study.
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introduction

Pilot Rat:ing

Y

predicticon for this study is based an
a modified version of the "Pitch Paper Pilot" computer

. Vprogram, originally devoloped by anderson, Dillow and
Connors (l:=-). This procram determines the pilot mmcdel
paracciars, closad locow pilot-velicle perfczmance, ind
a Cooper scale pilot opinion rating of the aircraft's

handling qualities for a pitch tracking task.

As originally formulated, this program used a simple
pilot model, incorporating gain, lead, and a pure time
delay. The time delay accounted for both reuro-muscular
lag and reaction time delay. As shown in Piguvre 1, com-
bining this pilot model with the SAS, airframe, and
elevator servo models results in a complete closed loop

pilot-vehicle model, which is used to define a set of

state equations used in the program.

The procedure for predicting ratings from this
closed loop formulation is bascd on the hypothesis that

a human pilot will adjust his parameters {(the equivalent

of the pilot model gain, lead

him to give the lowest (best)

that he can at the particular

and time delay) to allow
rating to the aircraft

flight condition. Thus,




N

by minimizving some mreperly chosen rating expression with
rasbect to pilot parametoers, the program can be exwvected
to preduce ratinos well correlated with actual pilot

rating

2]
.

In the original pregram, an empirically develepad

i

rating function, PR, is minimized with respect to Kp, the

gain of the pilet in the pitch loop, and Ty, the pilot :
lead in thg pitch loop (the time delay is considered a

constant) . Conjugant gradient and Newteon-Raphzcn scarch

procedures, as shown in liollis (3:17-23), werc used Lo

find the minimum.

Rating Expression. Anderson, Dillow and Connors

(1:4-5) developed a rating expression for use with the

above procedure, This expression is of the form

PR = W, + Wy + 1.0 (1)
where
. 0.1¢
W, = £ 0.<0.9740, (2)
17 0.974 0 -9 e %
and
W2 = -2.5 TL TL<0
2.5 Ty 0<Ty<l.3 (3)
3.25 T 1.3

. 2 .

W, 1s 2 measure of closed loop performance where of is
s . L .

the commanded input variance and ¢~ is the pitch error

variance. Wjy is a measure of pilot workload, and is a

functicon of TL' the pilot 1lead.
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formulated, Pitch Paner Pilot gave accurate ratings for

i _Prouram. As orginally : 1

.

| most flight cenditicos. However, when the program was

‘ applied to flight conditions with high short period
frequency and low damping, the predicted ratings for the
fiight conditicns were significuntly better (lower) than i 1

actuzl ratings (1:12). -

Since the Pauner Pilot concept does work very well for
most pitch cases and for all flight conditions when applied
to other tasks, such as roll (S:--) and hcver tracking
r (2:--), some modification Lo Pitch Papcr Pilot should

correct this fault.

P Remnant Studias

One possible approach to improving the rating schcme is

to include pilot remnant in the pilot model. Remnant is 1

that portion of a pilot's output that is not linearly
correlated with the system input (4:--). Pure noise injec-

tion by the pilot, non-linear operations, and non-steady

pilot behavior are considered to be the possible sources {

of remnant.

|

It was hypothesized that the addition of remnant to

the pilot model would tend to produce higher ratinas £fronm

-

Pitch Paper Pilot for all flight conditions, but that

this effect would be grecater for conditions with low




GGC/2n/73-3
damping and hizh frequency. This would allow the critical

(high Zfrequency, lcw damping) pred:icted ratings to be

raised to more realistic valucs without pushing other

cases tco far ahove their original values.

Considering remnant as pilot induced noise with a
relatively high bandwidth, it is easy to see that this
pilot ncise could excite an undesired response in the air-
craft. An aircraft with a high short period natural
frequency éhould filter less of this remnant effect out,
resulting in greater tracking errxor. 1If this undesired
response were also lightly damped, it would be even more
noticeable to the pilot. Thus, for the critical case,

tracking error and prilot workload would increase more than

for other cases. For a pilot model with remnant, thercfore,

predicted ratings would be expected to increase by a

greater amount for the critical case than for other cases.

New Pilot Model. To test this hypothesis, a new

pPilot model was used n the computer program which was a
higher order model including both remnant and a lag term.
The new pilot model is shown in Figure 2. Note that the
remnant is nodeled as a zero-mean gaussian white noise

put through a first order filter. To model high “reguency
remnant, the cut-off freqency, w., was chosen as 20 radians

per second. Ty 15 the lag time constant, whicn was chosen

as a constant of 0.1 secondil to represent the ncureo-musculuar

i le o

IR 1T
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lag. 1 in the time delay term was reduced to 0.32
seconds, representing the higher order neuro-motor delay
and the pure time delay. The program still optimizes

with respect to Kp and Ty, only.

A set of system eguations for this pilot model,
including the actuator, arve developed in Appendix #. By
combining these equations with the longitudinal airframe
and control system equag}ons of Appendix A and reducing
them to state variable form, an accurate mathematical node!l
of the closed-loop system was substituted into the proper
sub-routines of the original Pitch Paper Pilot. This
modi fied program was then used to test the effect of the

' remnant on rating predictions.

' Results cf Remnart Studies

The modified Pitch Paper Pilot program was tested on

cases for which real ratings werc known. The data frew o

i
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series of Navy tests witi. 2 variable stability F-8 (1:10-12) :
S
were used as test cases. Pertinent data for these two 5

sets of cases, one set for landing approachh and one for

_low altitude hign speed tsits, are shown in Tables II and

III on the following pages.. Also included in the Tables
are the actual average pilot rating. As can be seen

from Table III, the acrecirznt between actual and predicted

¢ E——— W™ ™ Wy

ratings is particularlv rccr for the 1

Q

altituda high
speed cases, These cases ars mainly of thz2 high frequency,

low damping type. For the other cases, as showr. in Table

II, Paper Pilot did give good results.

The Effect of Remnant. Using the new Pitch Paper

?2ilot, u series cof predi=cted nilot ratinus: were conputed

{0 for each flight condition using a variety of different
levels of remnant, starting,in each case, with a zero
remnant. A commanded input with an rms value of 0.5
radians was used in all cases. With this input and the |
remnant §pecified, stick input could be calculated for

each flight condition and remnant level.

Remnant only begins to affect ratings as it becomes
. significant in comparison to the stick input required
for the particular flight conditien., For this recason,
the set of ratings for each flidht cordition were plotted

with respect to the remnant to stick ratio ( of/nf).
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mABLE II. lYavy Data ard Orijirnal Fiteh
Paper Tilot Predicted Ratings.
Powered Approuen Cases,

Reference 1.
GAVY conrlIcUzAaTIOoN PILCY PREOICTED
CASZ RATING RATING
Wn 3 pR2 Rb
Ea 2.15 0,42 3.50 3.2
PB 3.04 0.77 | 3.0 | 2.83
PC 1.53 0.20 5.75 4.85
PD 1.60 0.29 4,25 4,12
PE 1.69 0.37 2.67 3.75
rr 1.77 G.43 2.50 3.1
PG 1.21 0.30 5.00 4.99
PH 1.28 0.40 4.17 4.37
PJ 1.53 0.68 2.50 3.59
PX 1.00 0.39 7.00 5.58
-PL 1.34 0.80 3.25 3.84
a. Averase vilot rating for the test aireraft
at the given flicht condition, Individual
pilot's ratings varied as much as three
ratings for some of the flight conditions.
b. Ratings calculated from tre original Pitch

Paper Pilot program,

PO




Reference 1,

. s
«

25
-

1 <

Yy
3(14 e

1%

Confizura<ion

©n

Predioiogw
Ratinz

b

av

£

Z.8
14.7
15.0

-
o

o

no

O O O O O
L]
W

-
A
N

= )

o O
. L]
Ea £
¥1]

0.20
0.30
0.3%7
0.41

2.18
2.25
2.42
2.47

Averarse piiot rating for the test aircraft

at the given flignt condition.

piloi's
ratings for
Ratings
Paper Pilot

o
ratings

-
Vot

ari
£13
A - A

ey A
ony

calculated fronm
pro;ram,

14

‘
e

RS SN

asn

condivions,

Individual
thr-e

the original Pitch




woewm - =y

GGC/EE/73-3

Plots of remnant to stick ratio versus predicted
rating are very sinilar for all cases; the predicted

rating rises by auuroximatzely the same amount for a given

remnant o stick ratio, no matter what the flight condition,

Four typical cases are shown in Figures 3 and 4. They
clearly show this similarity of curves for different

flight conditions.

This similarity in remnant effects makes it imposscivle
to pick a particular remnant to stick ratio that would in-
crecase the ratings for the critical case (high frequency,
low damping) without increasing the ratings in the other
cases by about the same amount. Thus, the critical cases
could not be adjusted to more closely correlate with real
pilots' ratings without having a corressponding effect of
increasing the other ratinos to values that were signifi-

cantly higher than their actual ratings.

Modified Rating Expression :

Including remnant in the pilot model failed to provide
the anticipated improvement in Pitch Paper Pilot, so modi-
fication of the rating expression was tried., Small adjust-~
ments were made to the constants in the pilot rating
expression in an attempt to correct the critical ratings.
This modification also failed to solve the problem. Each

flight condition was similarly affected by equal changes

in constants, as with the rernant eficcts.

froves
!
in

A1
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Obviouslv, the zharges mdde in tha ovriginal program

~==Were not very successiul in eliminating Paper Pilot's main

fault, inaccurate ratings for high freguency, low damping
conditions. However, the modified pilot model, with
remnant and lag, w73 incorporated in the closed-loop model
because this model is a closer aprroximetion to the human
pilot and the use 0f a non-zerc remnant did slightly
improve the predicit.ed rating for the critical flight

conditions.

A remnant to stick ratio of 0.6 was selected for the
revised model. This ratio is in a region that does not
cause extremely large changes in rating for small changes
in the remnant to stick ratio. The scatter diagram of
actual versus predicted pilot rating for this value of
remnant to stick ratio, as shown in Figure &%, does show
a fair correlation of actual to predicted pilot rating.
The 0.6 remnant to stick ratio did give the best scatter

diagram of the ratios tested.

Calculation of Remnant. The remnant required to

generate the proper remnant to stick ratio is calculatcd
by a simple procedure incorporated in the computer program,
Mean-square remnant value is determined by manipulating the
following equation

‘75 = Kl"i + k Orz (4)

. &
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where cf is the mean-square input. First, ki is found

by setting the remnant at zero (e¢,=0) so that

2
| , kp = 3 (5)
1
(ﬁ\ then k2 is found by setting the remnant at unity and the
) input to zexo ( 9, = 0) so that :
ky = o2 (6)

Now, for.a specified remnant to stick ratio, kj,

|
' oZ(1lky)= k102 + kyo (7) j
{
and :
' I 0»2
ol 171 (8) :
CTTKG) -k, J

This routine was added to Pitch Paper Pilot and the

/
modificatior was used in the owtimization routine. {
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Though the modifications were not totally successful,
./' ’

the resultant Pitch Paper Pillot, including remnant, was an

' R emsEETeTE e S Anprovement , and assured to be a good tool for SAS design.  cozoe=s

* H
)
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IT1. Joint Automaric Centrel Confercaco Design Challenseo :

[ ;ST
|
H

The ~ACC Dasian Challenge (7:-=) sgecified aircraft
dynamics, servoactuator dynamics, onboard measurement -
systems, structural response dynamics, & mission profile,
a gust environmant, and desired closed loop responses for :
the final augmented aircraft design. The aircraft was to
be piloted by a human pilot through the mission profile,
Sixteen discrete points in the mission profile were selected
as representative of the entire flight envelope. These
flight conditions are listed in Tablec IV. The problem was
to design a SAS for this aircraft which brought the air-
craft response in all flight conditions to within the

specified envelopes.

Aircraft Dynamics

Only the longitudinal mode of the aircraft was consi-
dered. Tﬁe phugoid mode was assumed to be negligible. The
longitudinal short period ricid body dynamics of the basic
aircraft are given by the following set of linearized

differential eguations

wg
& = Zpa + g + ZJC‘Sc + 24 Ty (9)
w
. » _&
g = M & + Mgqq + M, § + M_ @ (10)
a o} 5C ¢ a Ug
UO

nzzzj,__ (q-l}) (ll)
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Lt S AR v Talhs 5

SLULTOIV. PLIGHT COTDITICHS PO NONMINAL : R g
L= ov M ey " s NS T eavvA

Lasdagiy 1.\1}1 FA\C.». L-'::-}J.G:\ C...-u;:.:ﬂ..-:'g.

Refere»ce 7. :

' Flizht 2@ Yach Velocity Allitude Dynaric
Conditicn Number (fps3) (ft) Prosrure
(pc2)
1 0.35 B3Shl 0 152
2 0.63 704 0 490
3 0.86 961 0 830
4 1.03 1151 0 1160
5 1.14 1272 0 1500
6 1.60 1670 18,5C0 1500
(:) 7 2.07 2046 31,500 1500
8 2.54 2460 £1,000 15C0O
9 3.00 2904 50,000 1500
10 3.00 2904 55,0CC 1155
1. 3.00 2904 62,000 820
12 3.00 2904 74,000 490
' 13 3.00 3020 101,000 150
. 14 2.33 2285 88,500 150
15 1,68 1626 73,000 150
16 1.01 : 987 2,000 150

a, Fli-ht conditions are pisknd alon: the norinal
trajectory at fifteen secend intervals, with
Fl:ight Zcnditicn 1 at zero time,

O
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where o is angle-of-attack, q is pitch rate, §, is

elevator d=2flecticn, wg is a wind gust, Uy is noninal

airsgecd, ¢ is the acgeleration of gravity and the coet-
ficiants o4 tioge woriahi-s zre the aiveraft stability

derivatives. These cyuaricns are transformed into a

state variable form uscd in this study in Appendix A.

.n the Design Challenge, the stabilit:r derivatives
were exnressed statistically as randem variables @ th a
normal distribution. However, o narrow the design
problem, only the mean values of the s+tability derivatives
were used in this study. They are listed in Table V,
The original statistical description of these coefficients

can be found in the JACC Design Challenge (7:18).

Measurement System and Structural Resvonse Dynanics

The effect 0f the structural response on the feedback
system is a function of the sensor loncaticas. Only the
first twa bending modes were considered, modeled by the

differential equations

.- . 2 _
Gy + 25w, 1, + ol = VS, (12)
U, + w_ U + «d =y
2 252¢2 2 wyr, v S, (13)
where ¥ = -4U_2 and v, and u, are the first and sccond
0”4, 1 2
bending mode deflections respectively, at a specific

reference stat.on. Again, althouagh tho or:

ginal Design

.
1
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T‘: w VO A“ st -‘ :; : ’ . .” .--’,-::l‘\.:x‘ilazs
A ML el KA el
Flient e o Ko ¥,
Contlticn ‘ - -
(!/30&) {Q '0_,‘\) (.""”A PO (Q"rﬁp )
1 “0,%00 | «0,t 2 | <1.:.3] =€.000

«0,970 | 0,442 -4.700 | =19,€C0
«1,000 [ =0,470 | -15,770 | =77,200
‘?027') ‘00‘59 ‘4(0052 “50‘373
"?07?7 - .c.f‘) "J-"Q?QO "5' ."50
«1 MO | 0,805 | €y, 0| <2€,500
1,0 | arn 7t SRS UTTON IS L LS
0,107 | «20%8 | =7€,270 | =25,7F0
«0,(0U | -0.,1%0 | 10,0201 =15.009

O W O~ N W . e ™

0 €2 | C. 116 | «27,100 | =11.%%0
1 0,328 | 0.2 16,400 | 15,200
12 -0.19€ | -0,049 -.900 | -4,300

13 ~0,C00 | =0,0°" =%3.320 ] =1.8500
14 0,0 0] 2,010 S olo L3l IS BN ool
15 =0,107 ] 0.0f 4,021 -1,470
16 0,203 | «2.7 0 <5 -5,073
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Challenge presented the kending mode parameters in a
- statistical sens=s, only the mean values were used in

this study. These are

£
n

30 rad/sec 35 0.01 (14)

wq 50 rad/sec 2= 0.01

The measurement sensoss vwere assumed to be ideal,

however, the cuantities mzzsured incluifed the bending

Iy

rode response and incependent noise in addition to the

rigid kbody response. The following measurements were

used for the selected SAS configuration

. = - An 0 - Apa v, + (15)
! g ell el 9n

/" ] . ..
®) n, =n, + 5 (Lpa* @y § + 8,5, ) +n, (16)

n

These are the indicated pitch rate and indicated normal

acceleration equations. Ay and Ag_are the respective
1 2

bending mode slopes at the sensor locations relative to

the generalized displacements,u1 and Vo

¢n2 are the relative displacements at the accelerometers

while ¢nl and

due to the bending modes. L, is the distance from the
R aircraft center of gravity to the accelerometers. The

terms n, and g, are zero mean gaussian white noise.
n

The values of the parameters uscd are

-0.025 rad/ft.

>
foo]

—
| I

0.040 rad/f«t.
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TR Al

‘tu‘h-\,,,‘\.;‘:’
SV R |

L= 10 ft. S
=z = T armeEIEISELT = 2 - = e =
; @, =-0.15 ‘ T
& | ¢n2 = 0.45
'{ E(gy)2 = (0.0005)2 (rad/sec)?
. T(n, 12 = (0.01)2 (g)2 _ . _1
. -
; - Servoactuator : ;

? The control servoactuator is described by a first ‘

order lag with an output rate limit. The eguation for

the servoactuator is

§,=-208, + 208, (17

with a rate limitation of
ISCI € 0.5 rad/sec (18)

vhere «% is a commanded input to the servoactuator.

Design Specifications

The design specifications from the Design Challenge
are the response envelopes shown in Ficure 6. These are
the envelopes superimposed on the plots of the aircraft <
responses shown in Appendix C. The response envelopes for

normal acceleration and its derivative are normalized

in amplitude by the steady state nermal acceleration
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and in time by a fac%cr r which is a discrete function

of dynamic pressure

T = 3.0 san 150 < g < 500 psi

[Xa

T = 1.0 sec 500 ¢ q 15¢0 psf

In the absence of a pilet input, the aircraft responz2
to a specified vertical wind gust must be less than 0.1 ¢
rms. The wind gust, Vg is assumed to have a zero-mean
gaussian distribution, and a power spectral density given
by

2

T We (19)

Gw(w) = '—(-u-z*;—'w—cz—

ERLN)

where ¢ = 5,0 fps and w_= UO/IOOO rad/sec.

Finally, the Design Challenge specified restrictions
on stick force, but this requireme-t was not considered
in this study. It uwas assumed that stick force could be
artificially induced, and would not limit the SAS design

involved in this study.

B N
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IV. SAZ Parareter Cptimizaticn

Designing a stability augmentation system for the
JACC Design Challeono: alrcraft was the main project for
this study. This was done by changing the feedback gains
for a specified fixed form SAS until the closed loop
system, including the pilot, actuator and S)\S, as well
as the aircraft dynamics, had the lowest pilot rating.
This optimum pilot rating was determined by Pitch Parer

Pilot.

The design was restricted to the longitudinal axis,
for a pitch tracking task. A detailed diagram of the closed
loop system model is shown on the following page,
Figure 7. Ncte that the stability augmentation system
used the three parameters; elevator deflection, 5}
pitch rate, q, and normal acceleration, n,. As discussed

in Chapter III, mcasurements of n, and g are subject to

pA
disturbance by the aircraft s*ructural bending. For this
reason, these measurements are filtered in the feedback

loop, to remove some of this disturbance.

For this aircraft, the break frequency of the filter
was chosen as 8. This was the value arrived at by Sherrard,
and represented a good choice of maximum attenuation of

body bending effects with minimum attenuation of the rigid

body dynamics (8:28).

T R W A R e |
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IT. The vervcactuatoy dvnanics are represented by a

The pilotr med2l for the closed locp system is the

new pilot model diveleped for Piten "aper Pilot in Chapter

N

simple first order lag.

Brief Prooram Description

Pitch Paper Filet uses the clos:zd logp system nodel
to determine the aircrafi's predicted pilot rating. A
pattern search technigque, developed by Zuckerman (10:--),
uses Pitch Paper Pilot to find the 5A8 gains that minimize
predicted pilot rating within the actuator rate constraints

given in Chapter III.

The procedurc is as follows: SAS gains are changed
systematically and Pitch Paper Pilot computes a predicted
pilot rating for each sat of gains., The program proceeds
until a set of gains is found that give a minimum predicted
rating, without allowing the quantity, 0£: , to exceed 0.5
radians per second. «50 is a three sigma measure of
elevator rate, so there is only a very low probability
that the rate constraints would be violated if 13 is

e

kept within limits.

This SAS optimization technique is basically the
same as that used by lHlollis in his studly of the variable

stability T-33 (3:25-31}.

-

- e . B
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New » ¥=»--ix, Pitech Paper Pilot requires the closed

Lo s A

lcop system 2z be madeled in a state vector equation form.

T ESphie is writsao sz s - T T IE R RIIROSNNIIom I et gimonis
2 = Az + vV (20)

. where 2 is the stzte vector, v is a noise vector and A

is a matrix ¢f ceefficients called the A matrix.

In examinine the Design Challenge aircraft, two
Cclosed loop models were used, one of ninth order without
the two second order structural bending modes and one of
thirteenth order including the bending modes. Tho state
egquations for these two models are developed in detail in

Appendices A and B.

The form of the state vector, z, for ninth or thirteenth

order is as shovn below.

N
I
4]
(o]
H
(L)

(21)

£ ™ €O
LT w A
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B

Tho two vectors are similar, except that the thirteenth

order includes fcur extra stat2s to represent the bending

Y

 modes. © is thnpiteh. o is pitch rate. J is a

7]

feedback state cenbinina vertical acceleration and pitch

rate feeuback ( B = Kq gf + Kj nzf). w is a state 7 -
formed frem angle of attack and true airspeecd (w = Uga). :

P

Jc is the actuator (elevator) deflecticn. Yy and vy, are
states formed from the lag-lead aand time delay por<ions
of the pilot model, as detailed in Appendix B, 6, is

the pitch command. &, is the remnant. vy and v,
represent the longitudinal bending terms for the JACC

—_—— ——

aircraft and r and s are their respective Jderivatives.

’ - The A matrices for these nodzls, which are necessarv
for Pitch Paper Pi.~t. are shown on the following pages.
} Figure 8 shows the ninth order A matrix arnd Figure 9

shows the thirteenth order A matrix.

Optimization Results

—

The SAS gains were first optimized for the ninth

PR

order model, with no structuvral bending considered for
|
fifteen flight conditions. Table VI shows the results. ' 1

The table shows the minimum predicted rating, the aug-

mentation system gains that produced it, and the calculated

three-sigma value of actuator rate required. ©Note that

[
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TABLZ I, UETUUTCSan TAT

ATANIESAS, NTTUNTCR BATR, AT
TREDICDLD o 0Ing USING s nIN7H ORDLA MNCDEL,
.
Fli-ht X K R Aciuator Rating
) Condition q n J Eate
=S (see) (rad/q) 3

(rad/s20)

-0.74 ~0,0014 | =0.63 0.492 2,900

-

"0.17 -0.0002 "0020 0.493 2¢597
-0.,09 -0.0001 0.09 0.499 2.510

P~ W N

-0.04 0.0001 | -0.38 0.49¢9 2.447
5 ~-0.04 0.C0CO | 0,40 0.4%9 2.452
6 ~0.04 0.0001 | =0,3%4 0.499 2.225
7 -0.07 0.0002 | -C.5%4 0.49% 2.184
8 -0.08 0.0002 | =0,67 0.499 2.224
S -0.06 0 -0.49 0.497 L .2€8
0 -0.09 0.0000 | -=0,59 0.487 2.976
1" -0.11 0.0C04 | ~0,74 0.498 2,415
12 -0.1% 0,000¢ | -C,77 0.499 2.670
13 -0.17 0.0007 | =N.2%6 0.499 3.92
15 -0.20 0.CCC4 | 0,69 C.429 2.20%

16 -0.04 C.0017 [ -C.17 0.49% 2.474
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[ Rt PATATI NN T ARy A TN ATy Y AT s te TN
e d\itaay TT . [ S A S N A4 GO A o VUIDISTVD AANTG Un RS
NI Mt IR caee e Ay s LT U TeNIr A A s M bertmiryi
THE THIRTS 0000 CRUUR J0nan WITH A Iadae U hao

FOUND IN THE HINTI ORIZZR Or2INIZATICH,.

' Flicht Actuator Fredjet A
Cenditinon Rate Rﬂtjng

(rad/seq)
1 502 2.900

2 501 2.590
3 .500 ' 2.911
4 500 2.448
5 .50 2.450
) .50¢C 2.328
7 .499 2.184
8 .502 2.222
9 «501 2.262
0 489 2.925

]

-~ \‘
S




LA a L R R NI S SRR 5 SR ror 8= i, at
bt |
re uteed, 44 fa baye!l o wi0de dioits for all flight

Neut, the thirtesnth order systen was run without
A% ppmiviratl on, nit%1 the rptis-sl feethack gains from
1t e pimth Crder Jesalts, As can le seen from the Tesuite,
ol alated (n ™ Lle 11, Loty s il 1 ravics ard aceioter
Tates were flﬁtsiy corzarat le frr yoth rolels, thouih
actuater rate limjftations were exceeded for sora cases,
Apparently, the Lendinj modes have little effect on the

design in these cuses,

’s a further znq;,‘selected flicht contitions with
varied Mach numher ard Jdynamic pressures, vere fully
optinfzed with the thrirteenth order rodel to ree houw
the optimal $AS gains werm changed, Table VIU sho&s
the resuits of this test, Again, only negligible variation
from the ninth order reaults was observed,

Tahle VIII., Optimom Para~sterq for Selected
Pilight Conditiona with the “hirteenth Crder !l'odel,

Flight B X, L Actuator Rating
Condition (530) (rad?q) - Rate
{radl/sec)
1 0,24 -0.0014 2,62 0.49) 2.931
7 =0.07 0.0361 -0.,5%4 0.499 2.184
s <0.06 0.0%309 ~3,49 0.4213 3.119
15 -0,69 0,66370 =2.%9% 0.477 2.925%
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For the JIACT Doeign Chellenge, addition of the
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advantage, siace much less computer time was required for

ninth order cptimization.

Gain Sche?ulin:

In his study of a variable stability T-33, hHollis
found a simple relationship between 1/q and the SAS
feedback gains (3:33-38). This allowed the gains to be
scheduled for the flight conditions, in relation to

dynamic pressure.

The JACC Design Challeng¢ge optimization results
showed a similar correlation ketween 1/q and pitch rate
feedback gain. This is shown in rfigure 10. Note that the
gains are all grouped along a curve, with the exception of
Flight Condition 16, No reason was found for this single

variation.

No simple dependency could be found for elevator
deflection feedback gain, KS’ Figure 11 shows a graph

of X, versus 1l/q.

)

Normal acceleration fecedback gain was so close to
2ero in all cases that it would probably be considered

zero for scheduling purovoses.
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— el e memm e o . "Addition o0fF Pre-Filter
Analos simulaticn of the Design Challenge aircraft
N and S&S, =3 zrzsantel in Chapter Vv, vovealed that a pre-

~——

filter on the pilot's input to the aircraft was needed to

)
]
meet tne esign criteria. Without the pre-filter, an
undesirab’a ragative spike was present in the initial
. norral a&coslzraticn and acceleration rate which excoceded
)
»

the envelopes defined in Chapter 1III. The pre-filter
significantly improved this response for most flight

conditicns.

Addirg the pre-filter produced a new system model
of fourtzent™ order. Since the pre-filter was not in
7 (:) the criginal system model, it was recasonable to expect
Q that the new model would have scme effect on the predicted

ratings from Paper Pilot.

The pre-filter is on the fp signal from the pilot
model to the actuator (see Figure 7). Thus, the model

is rnodified as shown in Figure 12.

The break frequency, w used nere was 5 rad/sec.

[ ’
The new state equations for this fourteenth order mcde

are fully developed in Appendix D.

Table IX shows the results from Paper Pilot studies

with the new state equations. The feedback gains from the

4

et e

P

- e W . A—‘_._
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Figure 12, PFre-Tilter,
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ABTD b MITA Y DT Ay PRTYNT AN mTar h¥ate!
TARLE IX. ACTUA QL BATE ATD TREZICCED RATING PFOR
TATLY 7ML w2 AT o R Rt R AR T AR T X
S0SBL wIT rFRE- 2 Siaid O AZAVETIZAS FRCON
Ve ape— . 5 V. m 5
T HINT CRDLY Qrt L ‘C.».

Flight Actuator redicted®
Conditioen Rate Rating
(r2d/sec)
I
1 224 2.18¢
2 131 1.8€0
3 104 1.748
4 .181 1.652
5 .201 1.601
€ 187 1.611
1 210 1.6C3
8 316 1.723
9 2®
10 .190 1.775
11 «199 1.849
12 <192 2.03%1
13 e 217 3,074
15 181 2.194
16 .093 2.705
a. Drop in ratings fro- the ori

rifinal ninth order
values ranged £rom C.5 1o 1 ratirzs with

1
most values around 0.8 ratings,

¥light conditicen 9 would rnot ronverre for tris
situation (T, rear rero), so no actuatcr rate
was calculatéd. Tre rating wne egtimated from
the point of clozest conv-roence (sradient of
106)0

I
™
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~+he additicn of the vre-filter produced a substantial

G2 ER/73-3

ninth order SAS c¢cptinizatisn were used to find new predicted

(r

ilet ratings and zchtuastor rates. As shown in Table IX,

[ U

change in boti predicted rating and actuator rate. Note

that all ratincs were lowered by about the same amount. S

With both the rating and actuator rate lowered, it
vas expected that a €75 gailn optimizaticon for any flight
cndition would further lower predicted pilot ratings while
raising the actuator rate close to the limit. Flight
condition 1 was checked to test this hypothesis. BAs shown

in Table X below, the expected result occurred.

TABIE X. NF PARLNETEDS ¥OR
VIV Y AT
2 -~ L'
K g A a aating
a \ Yn K; .cgu ﬁor tirg
o 2y o “‘“h
(sec) | (rad/s) (rai/scc)
2th Crde -0.24 | -0,0014 | -0.6% 0.43¢ 2.9C%0
Cptimun
13th Order -0.24 | -0,0014 | ~C.f2 C.49% 2,908
Cptimum
14th Orcer -0.24 ] -0,0014 ] -0,673 s.224 7 18
Crtimum w/
Oth Ordeor |
rarameters
1440 Orler | <0,44| =0,0029| ~0,€1 0,400 1.0
Srtimun
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Although sor: studiesz were done with the system
including the pre-filter, a great deal more work could

-be done in this zrza,

Conclusions

The SAS ovtimizatien procedure, including Pitch
Paper Pilot, work:d well Zor this system. In general, tho
procedure works well fcr systems of a creascrable order and
with few feedback states. Increasing the order of the
system or the number of feedback parameters requires
causes a large increase in computer time. For instance,
inoreasing the order frcm ninth to thirteenth order
approximately doubled the required computer time. The
Air Force Flight Dynamics laboratory has inproved some
of the seavrch routines within Paper Pilot to reduce time
requirements, which should help to alleviate this problem.
As stated earlier, the bending modes did not significantly

influence the SAS design in this case.

R AT
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V. Simulation

. . Procedure - Commanded 5} Response

The Design Challenge aircraft and the SAS were

simulated on an EAI Pace analog computer. For comparison

_purposes, and to check the computer patching, the system

was first run open locp, that is, without the stability
augmentation system. Then, *the feedback loops were closed.
The input for both cases was a commanded step elevator

deflection. The plots are presented in Appendix C,

Throughout the simulation, only the mean values of
the stability derivatives and flexure mode parameters
were used. The additive white noise terms in the equations
of the states perturbed by the flexure were dropped. It
was assumed that the analog computer generated enough inner

noise to compensate for the elimination of these terms.

Flight Conditicens 1, 3, 5, 9 and 13 are presented here
as a cross-section of the possible combinations of Mach
number and dynamic pressure, Table XI gives a comparison

of these values for the five flight conditions.

JACC Dasign Challenage Response Fnvelopes

Before examining the closed locp aircraft responses,
several points should be made abcut the JACC Design Challenge
normal acceleration response envelopes. Their shapes appear

to be contrived limits on more conventional parameters such
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Table XI. Comparison of Flight Conditions

Flight Dynamic Mach
JConditizon Pressure Numbe r
1 low low
3 : medium : medium
5 high medium
9 high high
13 low high

as rise time, settling time, peak overshoot and under-
shoot. It is difficult to say whether or not these
envelopes actually represent good handling qualities in
' the opinicon of a pilot., Consequently, the Design Challenge
r envelopes may not be good criteria for evaluating the
response of an ajrcraft with a SAS design based on pilot

rating,

In addition, the normalizing factor, 7 , was a
discrete function of dynamic pressure. Depending on how

it was arrived at, this non-linearity could over-

restrict responses tor eitner the extreme values of g
or for the middle values. In any case, ¥ as a continuous
function of 9 would have perhaps been a better normalizing

constant.

Regardless, the Design Challenge response envelopes

were used as the criteria to judge the normal accelera-

7~
.\

-3
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b

m

tion response of the augmented aircraft. They did pro-
vide a quick "eyeball" assessment of the final closed

... ,.loop response.

Normal Acceleration Response

All five flight conditions had a res»>onse with a
large negative normal acceleration spike at t = 0+,
It was especially noticeable in Flight Conditions 1, 9,
and 13. The spike appeared, with the exception of Flight

Condition 9, in cases where the g was low, which is rea-

sonable if one considers the aircraft in such an environ-
ment, In order to achieve a quick r'se time at low
dynamic pressure, the control action of an elevator
~7 deflection translates the aircraft vertically downward
before rotation occurs. With a high g the elevator
has greater pitch control effectiveness, thus the aircraft
does not experience so great a negative n,. flight Con-
dition nine is affected more by other factors and will be

discussed later,

Pre-Filter

To deal with the negative normal acceleration spike
problem, a pre-filter was added to shape the pilot's
commanded input. The corresponding eguations are presented

in Chapter 4, The filter was not used initially in the
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optimization routine since the fixed-form SAS was chosen
to be solely the feedback system in Figure 7 . lHowever,

the pre-filter was agdded after the simulation results

showed an undesirable spike in the output. Table IX

shows that the change in pilot rating was significant
after the addition of the filter. Since no extensive

SAS optimization was performed with the pre-filter in

the system, it is impossible to say just what its effect
would b2 on the final closed loop response. Probably one
of two possibilities would result. Either the optimiza-
tion and resulting feedback gains would bring a negative
spike back into the response, or the filtered input would
be sufficient to yield a £inal resnonse without the high
frequency spike. However, this study was concerned only
with augmenting the aircraft with a feedback SAS, and the
filter was added merely to check its effect on the negative
spike, regardless of its efiect on the rest of the response,.
It was concluded that the original SAS design was still

valid in its "optional" sense.

The pre-filter used was a first order lag. Break
frequencies of both 2 and 5 radians per second were tried

for each flight condition.

The addition of the filter brought the responses
closer to the prescribed envelopes, but in general the

negative spike was still large ecnough to fall outside of
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the envelope. The effect of the filter depended on the

" frequency" of the spike. A short nacrow spike, such

as on flight conditien 5, was effectively removed by the
Vfilter, while a long, wide spike, such as on flight
condition 13, remained with the filter in operation. For
the most part, the filter with a break frequency of 2
was too restrictive, lowering rise times below acceptable
limits. Perhaps a new optimization with this filter

enmployed would yield better performance characteristics.

High Frequency, Low Damping

The closed loop response for flight condition 9 falls
outside the Design Challenge envelopes. The reason for
the failure of the Paper Pilot in this case seems to be
ti.c same problem as discussed in Chapter II. The Paper
Pilot does not accurately reflect pilot opinion in the
case of an aircraft with a high natural frequency and low
damping. Table XIX shows the open loop short period
parameters for the simulated flight conditions. The final
column, "Improvement ii. Closed Loop Response", is a
judge of how much the SAS improved any deficiencies in the
open loop response. Flight condition 9, with a S of
0.109 and w, of 5.51, falls into the region where the
Paper Pilot had previocusly failed. It must be concluded,

therefore, that the addition of remnant, discussed in

Chapter II, did not completely solve the problem. Further
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Table MNII. Short Period Parapete. s
and Closed Iocp Response Quuitirny
Flight " . Pilot Improvenent
Condition nsp Ssp Rating in Closed
Loop Response
1 1.26 0.238 2.90 Very Good
3 4,30 0.3890 2.51 Good
. 5 8.08 G.337 2.45 Fair
9 5.51 0.109 3.27 Poor
13 1.74 0.035 3.97 Very Good

support of this conclusion can be found in Table XII.
Flight condition 13, with an equally poor cpen loop res-

ponse, yet a lower frequency, was improved significantly

e
X g

when the SAS was added. The final pilot rating was 3.97.
Flight condition 9, received a better pilot rating, 3.27,

yet the closed loop response was considered very poor.

Flight condition 5 also fell into this high frequency,
low damping region. While the final closed loop response
was not bad, the degree of improvement over the open loop
response was slight, indicating once again the problem

with Paper Pilot.

A possible cure for this problem would be the additicn
of a normal acceleration term or pitch rate term (which is

related to normal acceleration) in the cost function used

I3
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term be added to the Paper Pilot rating expression

to correct this problem.

Although a z3cd design procedure, Paper Pilot
proved to be very costiy in computer time. The Air Force
Flight Dynamics Laboratory has recently improved search
procedures to lcwer the compu*ter time. Also, reducing
the state Qector of the entire system by approximations
significantly reduces the required time. In this study
it was found that ignoring the two second order bending
modes of the Design Challenge aircraft made little
change in the SAS design yet greatly improved computer

tinme.

Recommendations for Future Study

In light of various problems and insights encountered
during the course of this study, the following suggestions
are offered for future work using Paper Pilot:

1. Incorporate a pitch rate or normal accelera-

tion term into the pilot ratxng expression
in pPitch Paper Pilot.

-2, Optimize pilot ratings with respect to pilot
lag as well as lead and gain, to study effects
on high frequency, low damping cases.

3. Find optimal SAS gains for the JACC Design
Challenge with a pre-filter included in the
system.

Applying some of these refinements, Pitch Paper

Pilot could prove to be a very useful tool in SAS design.
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Bl

ft/sec, which is a rz=zher small vertical wind gust.

t is nct unreasonaible to find that the aircraft does

-

-
)

Comparisons -

The JACC Desigrnt Challencve was studied earlier by
Sherraru, Ward and 2aul. Sherrard uscd optimel control
techniques, Ward used classical control technigues and
Paul used self-adaptive control techniques. Comparing
the simulation results of those studies with the results
presented in Appendix C illustrates the success of Paper
Pilot. Paper Pilot onptimization gave better compliance
with the Design Challenge response envelopes than flight
conditions 3 and 5 in Sherrard, 1 and 3 in Ward, and 1,
3 and 13 in Paul. 1In those flight conditions, Paper Pilot
had better rise timas or damping in the normal accelera-

tion responses.

-
AN
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VI. Ccnclusions

Paper Pil~t offers a viable method of SAS paranetcor

optimization for SAS design. Selecting SAS gains that

'give the minimum pilot rating for a particular aircraft

configuration results in SAS parameters that are pilot
rating optimal. In this study, this method often resulted
in a closed loop response that was as good as or better
than the response from designs by classical or modern

contrel techniques.

Initially, Pitch Paper Pilot was modified to include
terms for pilot remnant and lag in the pilot model. This
was to improve th2 accuracy of the predicted pilot ratings
for flight conditions with a high short period natural
frequency and low damping. This was not the total answer,

as some inaccuracy still existed after the modifications.

Paper Pilot was next used to select SAS gains for
the JACC Design Challenge aircraft. An undesirable nega-
tive normal acceleration spike appeared in the analog
simulation of the closed loop aircraft. Adding a pre-
filter to shape the pilot's commanded input improved this
aspect, but complete SAS parameter optimization with the
pre-filter included was left to future studies. The
problem with high frequency and low damping conditions

appeared again, and it was suggecsted that a pitch rate

:
il
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term be added to the Paper Pilot rating expression

to correct this rroblem.

Although a ~zzd 4szign procedure, Paper Pilot
proved to be very costly in computer time. The Air Force
Flight DPynamics Laboratory has recently improved search
procedures to lower the computer time. Also, reducing
the state vector uf ithe entire systoem by approrximations
significantly recduces the required time. 1In this study
it was found that ignoring the two second order bending
modes of the Design Challenge aircraft made little

change in the SAS design yet greatly improved computer

time.

Recommerdaticas for Future Study

In light of variour problems and insights encountered
during the course of this study, the following suggestions
are offered for future work using Paper Pilot:

1. Incorporate a pitch rate or normal accelera-

tion term into the pilot rating expression
in Pitch Paper Pilot.

2, Optimize pilot ratings with respect to pilot

lag as well as lead and gain, to study effects
on high frequency, low damping cases.

3. Find optimal SAS gains for the JACC Design

Challenge with a pre-filter included in the
system.

Applying some of these refinements, Pitch Paper

Pilot could prove to be a very uscful tool in SAS design.
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Avpendix A

Systen Eguations in State Variable Form

T .aaticns of lMotion

Alrcraft

The linearized longitudinal short period eguations

are (7:3)
8 =g (22)
. w
= 3, y, M g
G = Mya+igaeiy s, il g (23)
. W
= 2 g9
@ aa+q+2&<& +2, Ug (24)

Since normal acceleration is used as a feedback state
in place of angle or attack, an equation for normal acceler-

ation is needed. This 1is
U
n, = L (g-a) (25)
g

Subs tituting eguation (24) into equation (25) and ignoring

the wind gust terms yields

Nne = Yo ‘
2= = {~Z,a -—ZJ.S.)
= - U
= ;?_ Zaa gg Z‘SO,Sa (26)
Using the fact that w = Uga and letting M, = ’ég, z,= 2,,
ZS' = U025 ) equations (22), (24) and (26) can be rewritten
(] .
q = Mw +Mgq+¥, 5, (27)
€
W= e +UqHZ S, (28)
(]
= -fw 2.
nz = 5" 'ﬁ'& (29)

€9 Preceding page blank
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The final short period eguations are (22), (27) and (28). 1

r ) . B B ’ N o o o 7' ; ‘.TH
Servoacstuator ’

The elevator servcactuator is represented by a first o
order time lag, with a time constant of 0.05 seconds.

This 1is shown in Figuze 13.

20
s+ 20

— §

- - a——

Y

Figure 13, Servoactuator Model

The eguation resulting from this is
J= -208, +204; (30)

Stability Augmentation System

The Stability Augmentation System (SAS) used is

shown in Figure 7. Stuctural flexibility was introduced

tion sensors. The sensors are rigidly fixed to the air-

" (]

{
|
|
into the system through the pitch rate and normal accelecra- J
i
»

craft and cannot he moved to a "node" to remove the
effects of body bending. However, as shown in Figure 7, p
(ﬁ the sensor outputs are filtered before fed back. The

sensor outputs alsoc contain additive white noise.
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™ For this aircraft, the kreak freguency of +he filter

was chesain as 3. This was the value arrived a¢ by

(0]

8herrard, =nd revrescented a good choise of maximum
attenuaticn ¢f body bending effects with minimum

attenuation of the rigid body dynamics (8:28).

From +he desiun challenge the indicated pitch rate

and indic:ed normal acceleration measurement ecuations

i = 9 Ag 0, —A6202 +an (31)

1 . .. ..
nZi nz+§- (qu+¢nlu1 +¢n2 U2)+nzn (32)
The first order filter yields the two expressions

qf = -ugdf + wq; (34)

The first and seccnd body bending modes are represented

by
'\3+(2$=)'+()2 =¥ (35)
1 197 Y% Yl Y T Tl
. . 2
U2+ (252032) ")2 + (u)2§ U2 = Vv Sc (36)
. Letting
r = q
s = U2 (37)

and substituting in the values of §, . and v vield the

body bending equations as used here

£

£+ 068 + 9000, = ~4UGLyJ (38) i
. S 45 + 25000, = ~4U2; 4, (39) |
: 1




¢ mme - .- =

GGC/EL/73-3

0

The final SAS output i
JS= Ko da t quf + Knnzf (40)

Multiplying equation (34) =y Kq, equation (33) by Koo
and combining
Kqéf + Kn£2f

)+ eglRoay ¢ Kpng ) (41)

= g (quf + Kpn, i z;

Now define a new state.
= + K (42)
B = qqf nan
Differentiating this and equating the result to (41)

B = Kydg * Kpnyo

- i

B = =weB +ugKeay + w Kpny, (43)
Substituting equations (27) and (29) into (32) yields

nzi = —ngw - qucJe

(Lzl-iww'szqu+LzMJc.Se ) (44)

&
O [~ Qf

+ = (Bn P ¥ By ) +ong

Finally, after substituting eguations (31) and (44) into
ecaation (43), the final equation for B results
B= -uB
+ wf(Kq+E{g‘, LzMgq) ¢

+ wflf.rgl (-ZW +L2Mw) w

toegkn [z 7 41
e

o O]

S e
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. KI‘)
- ““f(Kq'\e1 +0.6 < gsnl)

. e K
} - uf(}\qkaz-#'__g_ an)

-ei2., ¥nog
s - ,nlkl

- , KR
2500“1‘ _% ¢n2 Uy
+ waqqn+'c—fKnn2n : (45)
Q
r-
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2rpendix B

State Fguations frem the Pileot Model

As shown in Zigure

2, the pilot nodz2l responds to a

pitch error through a lag and lead network and pure time

delay, with remnant added at the output. The output of

the pilot model, modified by the system feedback, is the

command to the actuator.

Time Delay. For purpcses of simplicity of calcula-

tion and modeling, the time delay is approximated by the

Padé expansicn, thuz

~TS S {-s+0.51)

e = —F = ‘(—S‘:-O—;—s—*r—y (46)
This can be re-written

e . 2 ’

§*8==(§-8 (47)
Define a new state

v, & §'+ § (48)
By substitution
2 p
Vi = T (my+2§) (49)

Lag-lead Network.

/

S

et

letting ©,=6,.-6 and q=é

$'Ty ~KpT O =
Define a new statc

Ys

Now, from the transfer function

= K (T]' s+l)
R o N
(Tys +1) (5¢)
I
-§=RpT Q+Kp0 ~Kp0 (51)
=T; § -KpT1 8, (52)

z preceding page blank
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By substitution

- ., v ,
ya = -4 “KyTLa+K P K9 (53)

sy, NpTT
= 4 SOt
§ T;+—T?— 8, (54)

Pitch Command. From the system diagram, Figure 7, the

commanded pitch, 6., is

_ 5
ec - 5+'..b (SS)

where 5 is a zero-mean gaussian white noise, Therefore

ec = —mbec+ 5 (56)

Actuator Equation. Again from the system diagram,

the actuator eguation is

v
“
f!
v

f=~1 ¢4+ 1 ¢
e — = ¢ 57
Te e Te 3 ( )

However, since, from the system diagram,
/
§,= 3-8+8,=w-§ -8+ 4, (58)

and from Appendix A,

$s= KS o * B (59)
By substitution
S-— _l.j _.ﬁi.[ B L SR AP B ¢ {o0)
€ TTde T Te e T NI YA ‘o

Remnant. From the system diagram. Figure
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which can be re-written

§o= = xSt 5, (62)

System Ecuaticns. By proper substitution of the above

results, the equations shown below are formed. When
: corbined with thz airframe and SAS eguations from Appendix
A, they form a complzte set of system eguations for this

pilot-venicle zodel.

o =2 2 2Kp Ty,
Y1 =7t ypt—a=2 e (63)
Vo = -K T.gq-K 6~ L +K . (1- 1k)9 (64)
Y2 = p L3 %p T, Y27%p /%
éc = - u;bec'f' 5 , (56)
N s 1 1 .
&j ‘S —*Te(l'FKS )Se+ -.F(:’yl— Tgfi 32 (65)
1 \ 1
T T RoTp8e *+ 17 §e” T B
(7 hY
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Flight Condition 1
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2poenaixn D

Fre-Fllter ESguations

e e ERERIT C ey T GUY S 12 T e R I

S =3+, (66)
[ e , ' V
$e= 357 s (67)

' § =8 eply
wpdp = ot “pdp (68)

From Appendix B,

1 KpTL

§=vyym 7 vo- = e (69)

Substituting eguation (69) into equation (66), and then

into equation (68)

D
(,.;.)K TL
Cp¥1T %yz’ J_Tf— o +oph
., , )
= S + 9pdp (70)
The resulting new state equation for Spis
‘S.'I= - .“12 - ELKPIk o + u J - J’ (71)
P u‘le T Y i c “"P r wp P .
A
Also from Figure 12 {
! ¢ 1 1
&= T &7 4 (72)
Substituting eguation (67) into equation (72) vields
S I G U G
AR AL 73 ;
Since from Appendix A o
2 | '
So=rel * R (59}

3 Preceding page blank
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D

»

we can sui~tiiite ecuation (59) into egquation (73) to

get tre =ziniz 2guation in &

’

J'e=[—}'—e<1+x5)} S-Tet N I

“which is a chanr-e to the previous eguaticn for §, .

7N

£
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